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ABSTRACT
In Rhodobacter capsulatus, a purple nonsulfur bacterium, the 
tetrapyrrole pathway yields four end products: siroheme, vitamin B12, heme 
and bacteriochlorophyll. Growth of R. capsulatus under low oxygen tension 
increases carbon flow through the tetrapyrrole pathway up to 100 fold. The 
mechanism(s) for this regulation is currently unknown.
One regulatory mechanism could be transcriptional control of one or 
more of the genes in the common portion of the tetrapyrrole pathway. The fifth 
gene in the pathway, hemE, has been cloned by complementation of an 
Escherichia coli hemE::mr\\Tr\10 mutant.
Sequence data of hemE revealed the presence of an upstream 
palindrome that is homologous to consensus sequences reported upstream of 
seven other R. capsulatus bch, crt and puc genes. Under low oxygen tension, 
transcription of the palindrome-containing bch and crt genes is increased 2 to 4 
fold and transcription of the puc gene is increased 40 fold. It has been 
speculated that the upstream motif represents a binding site for a regulatory 
protein involved in oxygen-mediated transcriptional control.
Both dot blot analysis and chloramphenicol acetyltransferase assays 
were used to measure transcription of the R. capsulatus hemE gene under 
conditions of high and low oxygen tensions. The results indicated that 
transcription is not regulated by oxygen.
If the palindrome upstream of the R. capsulatus hemE gene is a 
binding site for a regulatory protein, it is not a protein which responds to 
changes in oxygen tension.
INTRODUCTION
Rhodobacter capsulatus is a member of the purple nonsulfur 
photosynthetic bacteria. In the presence of oxygen, R. capsulatus can grow 
using an organic compound as a source of both carbon and energy. In the 
absence of oxygen, R. capsulatus can use light as an energy source and either 
an organic or an inorganic carbon source. When grown anaerobically, the 
cells develop an extensive intracytoplasmic membrane and synthesize light- 
harvesting I, light-harvesting II and reaction center proteins, as well as 
bacteriochlorophyll and carotenoids. Once assembled, the photosynthetically 
active complexes harvest and convert light energy into ATP. Both 
chemotrophic and phototrophic growth modes require tetrapyrrole end 
products, but in dramatically different amounts. In photosynthetic cultures, 
bacteriochlorophyll accounts for 98% of all the tetrapyrrole end products (81). 
Though there are no reported measurements of tetrapyrrole end products in R. 
capsulatus, R. sphaeroides produces an estimated 25 nmoles 
bacteriochlorophyll per mg dry weight, 0.3 nmoles heme per mg dry weight and 
0.07 nmoles vitamin B12 per mg dry weight when growing photosynthetically 
(81). Upon aeration, bacteriochlorophyll production ceases, but heme and 
vitamin B12 syntheses continue (81).
1
2The four tetrapyrrole end products are involved in a wide range of 
cellular processes. Siroheme serves as a prosthetic group for the enzymes 
sulfite reductase (93) and nitrite reductase ((94). Vitamin B12 is a cofactor in 
methionine synthesis (23). Heme is the prosthetic group in cytochromes, 
catalases and peroxidases and is always required for electron transport 
regardless of growth mode. Bacteriochlorophyll, synthesized only when R. 
capsulatus is grown anaerobically in the light, is the primary light-harvesting 
photopigment.
Given the disparity in both amounts and functions of tetrapyrrole end 
products, it is likely that their biosynthetic pathways are subject to a variety of 
complex controls.
The common portion of the tetrapyrrole biosynthetic pathway
The common tetrapyrrole pathway (Figure 1) is present in most 
organisms. Those organisms that have an incomplete pathway have complex 
nutritional requirements which include heme or some tetrapyrrole intermediate
(49). The first step in tetrapyrrole biosynthesis is the formation of the 
aminoketone, aminolevulinate. There are two known routes by which 
aminolevulinate can be formed. The first one to be described, the C4 pathway, 
involves a single enzyme, aminolevulinate synthase, which catalyzes a reaction 
between succinyl CoA and glycine with the elimination of C-1 of glycine as
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Figure 1. Tetrapyrrole biosynthetic pathway.
carbon dioxide (73). This pathway operates in purple photosynthetic bacteria 
(5), animals (8), yeast (8) and some other bacteria, i.e. rhizobia (83). Though 
there are no reports of the purification of aminolevulinate synthase from R. 
capsulatus, it has been purified from R. sphaeroides (97). In R. sphaeroides, 
the enzyme is a homodimer with a subunit molecular mass of 40,000 Da. 
Catalytic activity requires pyridoxal phosphate and is inhibited by hemin, Mg- 
protoporphyrin and ATP(40, 134). Recently, it has been reported that R. 
sphaeroides produces two distinct aminolevulinate synthases encoded by the 
hemA and hemTgenes (71). The genes are located on separate 
chromosomes and have homology with each other. Other hemA genes have 
been characterized in the following bacteria: R. capsulatus (15, 55), 
Agrobacterium radiobacter (33), Rhizobium meliloti (83) and Bradyrhizobium 
japonicum (89). These organisms appear to have only a single gene encoding 
aminolevulinate synthase. In pairwise comparisons of aminolevulinate 
synthase amino acid sequences, identity ranged from 50% to 76% (98). The 
greatest similarity detected, 76%, was between HemA of R. sphaeroides and 
R. capsulatus. The R. capsulatus hemA gene encodes a protein with a 
predicted molecular mass of 50,491 Da (55).
The C4 pathway was assumed to be the universal initial step in 
tetrapyrrole biosynthesis for many years. In 1974, a second pathway, the C5 
pathway, was reported in higher plant tissues (9). The substrate for this
5reaction is glutamate. The glutamate carbon skeleton is converted intact into 
aminolevulinate with C-1 of glutamate becoming C-5 of aminolevulinate. The 
requirement for a tRNA molecule was demonstrated (56) and the reaction 
sequence was shown to involve three separate enzymes: glutamyl-tRNA 
synthetase, an NADPH-dependent dehydrogenase and a PALP-dependent 
aminotransferase (4, 5, 128). The C5 pathway operates in plants (9), algae 
(128), cyanobacteria (35), archeabacteria (43) and eubacteria (37).
Two molecules of aminolevulinate are combined with the loss of two 
molecules of water to form porphobilinogen in the second step of the 
tetrapyrrole pathway. This reaction is catalyzed by porphobilinogen synthase, 
the product of the hemB gene. The enzyme has been studied from a variety of 
organisms including bacteria (95, 96), plants (84, 87) and animals (2, 28). 
Porphobilinogen synthases are reported to be either hexamers or octamers 
consisting of identical subunits each of which has a molecular mass of between
31,000 and 35,000 Da (34). Though most porphobilinogen synthases require 
metallic cations and thiols for full activity and are inhibited by hemin (95), the R. 
capsulatus enzyme does not require metals, is less responsive to thiol 
compounds and is not inhibited by hemin (96). The hemB gene has been 
cloned and sequenced from various organisms: rat (17), Bacillis subtilis (52), E. 
coli (34), Staphylococcus aureus (69) and R. capsulatus (58).
Porphobilinogen deaminase, the product of the hemC gene, together 
with uroporphyrinogen Ilf synthase, the product of the hemD gene, catalyzes 
the transformation of the monopyrrole porphobilinogen into the first 
tetrapyrrole, uroporphyrinogen III. Porphobilinogen deaminase forms the very 
labile, linear hydroxymethylbilane intermediate which is released into solution 
and then cyclized by uroporphyrinogen III synthase to yield uroporphyrinogen 
III. Porphobilinogen deaminases have been purified and characterized from a 
wide range of prokaryotic and eukaryotic sources including mammalian (109), 
protist (129), and bacterial (11, 68). All reported deaminases are monomeric 
enzymes with molecular masses ranging from 33,000 to 44,000 Da (67). Both 
R. sphaeroides and human porphobilinogen deaminases are characterized by 
the formation of a covalent enzyme-intermediate complex upon incubation of 
the native enzymes with their substrates. The enzyme-bound intermediates 
are covalently linked to a dipyrromethane cofactor. This cofactor is 
synthesized by the deaminase from two molecules of porphobilinogen (68). 
The hemC gene has been cloned and sequenced from E. coli (122), human 
erythrocytes (36), B. subtilis (52), Pseudomonas aeruginosa (91) and other 
prokaryotic and eukaryotic sources. Amino acid homology levels among hemC 
gene products vary from 30% identity to 65% identity (91). Uroporphyrinogen 
III synthase has been purified to homogeneity from human erythrocytes (125), 
rat liver (88), E. coli (1), and Euglena gracilis (53). The enzyme is monomeric
with molecular masses ranging between 28,000 and 38,000 Da (1, 53). It is 
thermolabile, has a pH optimum near 8.0 and is sensitive to lysine and arginine 
modifying reagents (66). The hemD sequence from E. coli (113), B. subtilis 
(52) and P. aeruginosa (91) indicates that it forms the distal portion of an 
operon with the hemC gene.
The common tetrapyrrole biosynthetic pathway branches at 
uroporphyrinogen III. Methylation of uroporphyrinogen III by uroporphyrinogen 
III methylase leads to the formation of siroheme and vitamin B12. Alternatively, 
decarboxylation of uroporphyrinogen III by uroporphyrinogen III decarboxylase, 
the product of the hemE gene, forms coproporphyrinogen III. The reaction 
proceeds through intermediates with seven, six, and five carboxyl groups (79). 
Uroporphyrinogen III decarboxylase removes four carboxyl groups from side 
chains sequentially rather than in a random manner (85). Uroporphyrinogen III 
decarboxylase has been purified to homogeneity from human erythrocytes (36), 
avian erythrocytes (72), bovine liver (118), yeast (41), tobacco leaves (24), 
Rhodobacter palustrus (78) and R. sphaeroides (64). The purified enzymes, 
with the exception of the avian one, are all monomers with molecular masses of
40,000 to 50,000 Da (64). The most comprehensive investigation of the 
properties of a bacterial uroporphyrinogen III decarboxylase is that of the R. 
sphaeroides enzyme (64). Following a 600-fold purification procedure, activity 
of the native enzyme was shown to be inhibited by a variety of porphyrins,
cysteine-modifying reagents, arginine-modifying reagents and the metal ions 
Hg2+ and Cu2+ (64). The hemE gene has been cloned and sequenced from 
human (107), rat (106), tobacco and barley (90), yeast (46) and B. subtilis (51).
Coproporphyrinogen oxidase, the hemF product, catalyzes the sixth step 
of the common tetrapyrrole pathway, i.e. the oxidative decarboxylation of 
coproporphyrinogen III to form protoporphyrinogen IX. Coproporphyrinogen 
oxidases have been purified from mammalian liver (77) and yeast (21). The 
yeast enzyme is a homodimer with a subunit molecular mass of 35,000 Da. In 
animals, yeast and aerobically-grown bacteria, molecular oxygen acts as the 
electron acceptor for the decarboxylation reaction (21, 111). This enzyme 
obviously cannot function in the absence of molecular oxygen, yet heme 
synthesis must be maintained. Tait (119, 120) reported an anaerobic 
coproporphyrinogen oxidase in R. sphaeroides that requires Mg2+, ATP, L- 
methionine or S-adenosyl-methionine and NAD+ or NADP+ for activity. To date, 
neither the R. sphaeroides aerobic nor anaerobic enzyme has been purified to 
homogeneity. The genes encoding both an aerobic (132) and an anaerobic 
(131) coproporphyrinogen III oxidase have been cloned from Salmonella 
typhimunum. The hemF gene, encoding the aerobic enzyme, codes for a 
31,600 Da protein which is 90% identical to the E. coli enzyme (124) and 44% 
identical to yeast (135). The hemN gene, encoding the anaerobic enzyme, 
codes for a 53,000 Da protein which has 38% identity to the putative anaerobic
R. sphaeroides coproporphyrinogen oxidase (135). Troup et al. (123) cloned 
and characterized the E. coli hemN gene by complementation of the S. 
typhimurium hemF hemN double mutant. Sequence comparisons revealed 
92% amino acid identity to the S. typhimurium hemN gene and 35% identity to 
the R. sphaeroides gene. Complementation of the S. typhimurium hemF hemN 
double mutant was detected under both aerobic and anaerobic conditions, 
indicating an aerobic function for hemN.
The final step in the common portion of the tetrapyrrole biosynthetic 
pathway is the oxidative removal of six hydrogen atoms from 
protoporphyrinogen IX to form protoporphyrin IX. This reaction, catalyzed by 
protoporphyrinogen IX oxidase, requires molecular oxygen in animal, plant and 
aerobic bacteria (61, 62, 104). However, bacteria grown under anaerobic 
conditions exhibit protoporphyrinogen IX oxidase activity (45, 63). An oxygen- 
independent mechanism for protoporphyrinogen IX oxidation has been 
reported in E. coli with nitrate or fumarate serving as the electron acceptor (59, 
60). Although protoporphyrinogen IX oxidase has been partially purified and 
characterized from mammalian and yeast mitochondria (104) and Desulfovibrio 
gigas (75), no cofactors were found to be required and the mechanism of 
oxidation is unknown. The yeast enzyme has a molecular mass of 180,000 Da 
(104). The D. gigas enzyme is a membrane-bound protein that has a molecular 
mass of 148,000 Da and consists of three dissimilar subunits of 12,000 Da,
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18,500 Da and 57,000 Da held together by sulfhydryl bonds (75). In
R.sphaeroides (60), protoporphyrinogen IX oxidase activity has been
demonstrated under both photosynthetic and aerobic growth conditions. The
hemG gene has been cloned and sequenced from E. coli (112) and B. subtilis
(50). The E. coli gene consists of 546 nucleotides encoding a protein of 21,202
Da, whereas the B. subtilis enzyme has a predicted molecular mass of 51,200
Da. The considerable variation in the sizes of reported protoporphyrinogen IX
oxidases may indicate that there are separate aerobic and anaerobic enzymes.
Oxygen regulation of the tetrapyrrole biosynthetic pathway in 
Rhodobacter species
The effect(s) of oxygen on the formation of tetrapyrrole end products has 
been known for some time, but the mechanism(s) of oxygen-mediated control 
remains elusive. In 1957, Cohen-Bazire et al. (27), demonstrated that R. 
sphaeroides grown aerobically in the dark contained little or no 
bacteriochlorophyll or carotenoids, but cultures grown anaerobically in the light 
were highly pigmented. Addition of oxygen to photosynthetic cultures inhibited 
pigment synthesis immediately, but did not inhibit growth. Removal of oxygen 
resulted in an immediate synthesis of pigment.
In 1963, Burnham and Lascelles (20) demonstrated significant inhibition 
of R. sphaeroides aminolevulinate synthase by as little as 0.1 pM heme in vitro. 
The highest concentration tested, 0.2 mM heme, inhibited the enzyme by 
approximately 87%. Porphyrin formation from glycine and a-ketoglutarate by
whole-cell suspensions of Rhodobacter sphaeroides was inhibited by heme, 
but conversion of 5-aminolevulinate into porphyrins was unaffected. Being 
cognizant of the following facts: (1) that heme and bacteriochlorophyll share a 
common precursor, protoporphyrin IX, (2) that bacteriochlorophyll 
concentration in photosynthetic organisms is up to 100 times greater than that 
of heme and (3) that bacteriochlorophyll synthesis is repressed to less than 1 % 
of its maximum level under conditions of high oxygen tension, Lascelles and 
Hatch (82) proposed that in R. sphaeroides, the magnesium and iron branches 
of the biosynthetic pathway compete for a common pool of protoporphyrin IX. 
They speculated that oxygen inhibited the bacteriochlorophyll branch resulting 
in increased heme synthesis which, in turn, regulates aminolevulinate synthase 
by feedback inhibition. They suggested that the enzyme responsible for the 
magnesium chelation step has the greater affinity for protoporphyrin IX, but 
conceded that due to lack of specific information about both enzymes, further 
evidence was needed to support their model of control of aminolevulinate 
synthase by feedback inhibition.
Recently, feedback inhibition of aminolevulinate synthase by heme has 
been demonstrated in vivo in R. capsulatus (70). A plasmid carrying the hemH 
gene which encodes ferrochelatase, the enzyme that inserts iron into 
protoporphyrin IX to form heme, was mobilized into R. capsulatus PAS100.
The presence of extra copies of hemH decreased aminolevulinate synthase
12
activity three fold. This resulted in lower bacteriochlorophyll and total porphyrin 
levels. The authors suggested that the decrease in bacteriochlorophyll and 
total porphyrin levels resulted from reduced aminolevulinate synthase activity 
due to an increased intracellular concentration of heme.
If negative feedback inhibition of aminolevulinate synthase activity by 
heme were coupled to increased oxygen tension as previously proposed, then 
aminolevulinate synthase activity should be higher in cultures grown under low 
oxygen tension than in cultures grown under high oxygen tension. However, 
measurements of aminolevulinate synthase activity in R. capsulatus cultures 
grown under low and high oxygen tensions do not differ (Biel, unpublished 
results).
Biel (13) measured protoporphyrin accumulation in AJB456, a bchH 
mutant, under high and low oxygen tensions. The low oxygen cultures 
contained 20 fold more protoporphyrin than the high oxygen cultures. 
Supplementing the cultures with exogenous aminolevulinate did not abolish 
this regulation. However, supplementing the cultures with exogenous 
porphobilinogen resulted in protoporphyrin accumulation even in the high 
oxygen cultures. This data suggests that oxygen controls the common portion 
of the tetrapyrrole pathway at a point after formation of aminolevulinate. 
Therefore heme-mediated feedback inhibition of aminolevulinate synthase 
activity is probably unrelated to oxygen control.
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Oxygen controls bacteriochlorophyll production at two points. One is the 
formation of Mg-protoporphyrin monomethyl ester from protoporphyrin (14).
The mechanism for this control is currently unknown. The second control point 
is located somewhere in the formation of uroporphyrinogen III from 
aminolevulinate.
Historically, aminolevulinate has been considered the committed 
precursor of all tetrapyrrole end products. It would be unusual for any step 
later than aminolevulinate synthesis to be the regulated step if aminolevulinate 
is truly the first committed precursor. There is, however, evidence that 
aminolevulinate is not committed exclusively to tetrapyrrole formation. During 
the 1950's, both Shemin and Russell (115) and Nemeth et al. (99) reported that 
aminolevulinate is incorporated into purines. Shigasada (116) demonstrated 
that in photosynthetically-grown Rhodosprillum rubrum, the major metabolites 
of [14C]-aminolevulinate were aminohydroxyvalerate, hydroxyglutarate and 
glutamate rather than tetrapyrroles.
In R. capsulatus, also, considerable evidence exists to indicate that 
aminolevulinate is not committed to tetrapyrrole synthesis. Measurements of 
bacteriochlorophyll levels in strain PAS100 grown with [14C]-aminolevulinate 
indicate that only approximately 15% ofthe label is incorporated into pigment 
(Biel, unpublished results). Additionally, aminolevulinate-dependent NADPH 
oxidation by R. capsulatus cell extracts has been demonstrated (Khanna,
14
unpublished results). This activity probably accounts for the 14[C]-labelled 
aminohydroxyvalerate detected in R. rubrum.
Transcription of R. capsulatus hemA has been measured under 
conditions of high and low oxygen tension. Wright et al. (130) constructed a 
hemA-lacZ translational fusion vector and measured production of 3- 
galactosidase. The authors reported that there is only a 2 to 3 fold increase in 
transcription of hemA under low oxygen conditions.
Indest (57) constructed a R. capsulatus hemB-cat transcriptional fusion 
vector and measured chloramphenicol acetyltransferase activity under high and 
low oxygen conditions. Chloramphenicol acetyltransferase assays indicated 
that oxygen does not regulate hemB transcription.
Since the classic study by Cohen-Bazire et al. (27), which convincingly 
demonstrated that synthesis of the photosynthetic apparatus is very quickly 
inhibited by the addition of oxygen, investigators have attempted to identify the 
cell's mechanism for rapidly detecting and adjusting to changes in oxygen. 
Though a two-component sensory cascade has been described that induces 
transcription of reaction center and light harvesting structural polypeptides (39, 
92, 102), no such system has been reported to date which induces 
transcription of bacteriochlorophyll-producing genes.
However, evidence for a trans-acting factor that represses aerobic 
synthesis of bacteriochlorophyll and carotenoids has been reported in both R
sphaeroides and R. capsulatus (101, 103). The sequence of the gene 
responsible for photopigment suppression in R. sphaeroides, pps, is 
homologous to ORF469 in R. capsulatus (101). Ponnampalam et al. (103) 
fused lacZ reporter genes to both light-harvesting and reaction center genes 
(pucB, puhA, and pufQ) and pigment biosynthetic genes (crtl, bchH, bchC and 
bchD). They then measured p-galactosidase activity of the gene fusions in both 
wild type R. capsulatus and DB469, a strain with an insertion disrupting 
ORF469. Aerobic and anaerobic expression of the puf and puh operons were 
similar in both the parental and mutant strains. However, aerobic expression of 
the puc operon and the pigment biosynthetic genes was 2.5 to three fold 
higher in the mutant cells relative to that in the parental strain. The authors 
concluded that ORF469 represses aerobic expression of the light-harvesting II 
structural and the pigment biosynthetic genes without affecting expression of 
the light-harvesting I or reaction center genes. Since previous studies have 
indicated that the puc, puh and puf operons are coactivated in response to 
anaerobiosis by a two-component regulatory circuit (92), Ponnampalam et al. 
were surprised to find that ORF469 repressed aerobic expression of puc 
without affecting expression of either puh or puf. They attributed the 
unexpected findings to subtle differences in the respective promoter structures.
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Topography of oxygen-regulated promoters in R. capsulatus
Since pigment biosynthetic genes (bch and crt) were demonstrated to be 
transcriptionally regulated up to four fold by molecular oxygen (14, 136), 
investigators have attempted to identify specific cis-acting regions involved in 
transcriptional regulation.
Armstrong et al. (3) sequenced 11,039 bp of a gene cluster containing 8 
carotenoid genes {crtA, crtl, crtB, crtK, crtC, crtD, crtE, and crtF) and one open 
reading frame (ORFJ) from R. capsulatus. They were the first to report the 
existence of a nearly palindromic sequence, TGTAAN8ATACA, which occurs 
three times in the 5' regions within the crt gene cluster. The motif occurs 
upstream of crtA, crtD and crtE. A search of other published R. capsulatus 
gene sequences also revealed the presence of this palindrome 5' to the puc 
operon (3). Based on these four examples, the R. capsulatus consensus 
sequence is TGTAARTN3AN2TTACAC (R=any purine). The centers of the four 
palindromes vary from 162 bp (pucB) to 29 bp (crtA) upstream from the start 
codon of the genes. Each of three putative E. coli a70-like promoters located 
within the crt gene cluster overlaps one of these palindromes (3). Palindromic 
sequences are characteristic of recognition sites for oligomeric DNA-binding 
regulatory proteins. Since the R. capsulatus consensus palindrome shows 
strong homology to the consensus sequence, TGTGTN6.10ACACA, derived 
from recognition sites of a group of both positive and negative prokaryotic
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transcriptional factors (47), Armstrong et al. proposed that the R. capsulatus 
palindromic motif represents the binding site for a transcriptional factor.
Ma et al. (86) reported the presence of similar palindromes upstream of 
bchB, bchE and bchCXYZ. In an attempt to identify the role of the palindrome 
upstream of bchCXYZ, three palindrome mutants were constructed by single 
base substitutions in the left half, right half and both halves of the palindrome. 
The left half mutant exhibited reduced anaerobic induction (i.e. 3-galactosidase 
activity) of the bchCXYZ promoter by two fold and elevated the overall level of 
lacZ expression. The right half mutant also showed reduced anaerobic 
induction by two fold but reduced the overall level of lacZ expression. The 
double mutant showed the same two fold reduction in induction and the overall 
level of lacZ expression was midway between that of the single mutants. The 
authors speculated that the increase in 3-galactosidase activity under aerobic 
conditions in the left half mutant is consistent with a repressor-binding role for 
the palindrome. Conversely, they suggested that the decrease in anaerobic (3- 
galactosidase activity in the right half mutant argues for an activator-binding 
role under anaerobic conditions. Gel mobility shift assays were performed to 
assess the effects of palindrome mutations on DNA-protein complex formation. 
DNA-protein complexes formed with sequences containing the intact 
palindrome, but did not occur with any of the three mutants. As to the 
significance of the palindrome, Ma et al. (86) conceded that the ambiguity of 
the in vivo lacZ data and the fact that all three mutants still retain partial
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induction indicates that the motif cannot be the sole cis-acting regulatory 
sequence, if, indeed, it has any such function.
The existence of global regulatory molecules and cis-acting regulatory 
sequences suggests that one possible mechanism for oxygen-mediated control 
of tetrapyrrole biosynthesis is transcriptional regulation of one or more of the 
hem genes. The goal of the present study was to determine if the R. 
capsulatus hemE gene is transcriptionally regulated by oxygen. Transposon 
mutagenesis was used to construct an E. coli hemE strain. The E. coli 
hemE::Tn10 insertional mutant, AJB555, was subsequently used to clone the 
R. capsulatus hemE gene. Sequencing data revealed the presence of an 
upstream palindrome with strong homology to previously reported putative 
regulatory sequences. Expression of the R. capsulatus hemE gene was 
measured by both dot blot analysis and chloramphenicol acetyltransferase 
activity of a hemE-cat fusion vector.
MATERIALS AND METHODS
Strains, phage and plasmids
Bacterial strains, phage and plasmids used in this study are listed in 
Tables 1, 2 and 3.
Media
E. coli was routinely grown in L-broth (12) modified by omitting glucose 
and decreasing the sodium chloride concentration to 0.5%. E. coli hem 
mutants were grown in L-broth supplemented with 0.2% glucose. R. 
capsulatus SB1003 and PAS100 were grown in either RCV, a malate minimal 
salts medium (127), or PYE, 0.3% Bacto-Peptone-0.3% yeast extract (Difco 
Laboratories, Detroit, Ml). Solid media contained 1.5% agar. Antibiotics, when 
necessary, were added to the following concentrations (pg/ml): ampicillin, 25; 
kanamycin, 10; chloramphenicol, 25; rifampicin, 75; streptomycin, 10; 
tetracycline, 10 for E  coli and 0.5 for R. capsulatus. X-gal (5-bromo-4-chloro- 
3-indolyl-P-D-galactopyranoside) was included to a final concentration of 40 
pg/ml and IPTG (isopropyl-p-D-thiogalactopyranoside) included to a final 
concentration of 5 pg/ml. Both E. coli and R. capsulatus strains were stored in 
10% glycerol at -85°C.
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Table 1. Bacterial strains used in this study
Bacterial strain Relevant genotype Reference
E. coli 
AJB550 
AJB555 
HB101
hemE::Tn5
hemE::miniTn10
ara-14 proA2 lacY1 
galK2 rpsL20 recA13 
xyl-5 mtl-l supE44 
hsd520
This study
This study
Boyer and Roulland* 
Dussoix (18)
LE392 supE44 supF58 lacY1 Enquist et al. (38)
orAlac{l-Y)6galK2 
galT22 metB1 trpR55 
hsdR514 mcrB K
MC1061
NM522
A(ara-leu)7697 
AlacX74 araD139 galU 
galK rpsL hsdfr 
hsdM*
F' proAB+ lacF AlacZ 
M151 supE thi 
A(proAB-lac) hsd5
Casadaban and 
Cohen (22)
Gough and Murray 
(48)
NM538 lacY1 galK2 galT22 
metB1 trpR55 
supF58 hsdR514 K
Frischauf (44)
(table con'd)
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Bacterial strains Relevant genotype Reference
W3110 F Bachmann (7)
R. capsulatus
PAS100 hsd-1 str-2 Taylor et al. (121)
SB1003 rif-10 Yen and Marrs (133)
Table 2. Phage used in this study
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Phage Relevant Reference
Characteristics
ATn5 6221 cl857 Tn5 Berg (10)
ANK1323 miniTnfO tetR cl857 Kleckner et al. (74)
Pam8o nins 6522 att
7B7 EMBL4[E. coli K12 Kohara et al. (76)
3502-3520 kb]
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Table 3. Plasmids used in this study
Plasmid Relevant
characteristics
Reference or 
Description
PBR322Q ApR, TcR, SpR Omega cartridge 
cloned from pHP45Q 
(105) into pBR322
pBR328
PCAP99
ApR, CmR, TcR
ApR, CmR, hemE
Covarrubias et al. (29)
2.2 kb BamH\ 
fragment from 7B7 
cloned into pBR328 
(This study)
PCAP101 ApR, Cms, TcR, hem E  3.7 kb EcoRI-Pvull
fragment from 7B7 
cloned info pBR328 
(This study)
PCAP114 ApR, hemE 1.1 kb R. capsulatus 
genomic H/ndlll 
fragment cloned into 
pRK223-3 (This 
study)
PCAP116 ApR, hemE 1.1 kb R. capsulatus 
genomic HindWl 
fragment cloned into 
pUC18 (This study)
(table con'd)
Plasmid Relevant
characteristics
Reference or 
description
PCAP117
pCAP136
pCAP144
pCAP149
PCAP153
PCAP155
ApR, hemE*
ApR, CmR, hemE::caf
CmR, TcR, mob*, 
hemE::cat*
StR, CmR, Tcr, mob*, 
hemEr.caf
CmR, TcR, c a t  
ApR, hemE*
same as pCAP116 
with insert in 
opposite orientation 
(This study)
pCAP117 with cat 
gene cloned into 
hemE coding region 
(This study)
H/'ndlll fragment from 
pCAP136 cloned into 
mobilizable vector, 
pRK404 (This study)
pCAP144 with D  
cloned upstream of 
hemE coding region 
(This study)
cat gene cloned into 
pRK404 (This study)
2 kb R. capsulatus 
genomic EcoRI 
fragment in pUC18 
(This study)
(table con'd)
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Plasmid Relevant
characteristics
Reference or 
description
pCAP159 ApR, CmR, hemEr.caf pCAP155 with cat 
gene cloned into 
hemE coding region 
(This study)
pCAP163 TcR, mob* pRK404 with Xho\ site 
created in HindW site 
(This study)
pCAP164 CmR, TcR, mob*, 
hemErcat
Sful-Smal fragment 
from pCAP159 cloned 
into Psf! site of 
pCAP163 (This study)
pCAP165 SpR, CmR, TcR, mob*, 
hemErcat
Q fragment from 
pBR322 cloned 
upstream of 
hemErcat in 
pCAP164 (This study)
pCM4 ApR, TcR, c a f Close and Rodriguez 
(26)
pKK223-3 P«ac ApR Brosius and Holy (19)
PRK2013 mob', tra+, KnR Ditta et al. (32)
pRK404 mob+, TcR Ditta et al. (31)
pSUP2021 ApR, CmR, KnR, TcR, 
Tn5
Simon et al. (117)
pUC18 Piac ApR Vieria and Messing 
(126)
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Growth conditions
E. coli and R. capsulatus strains were grown aerobically in the dark at 
37 °C with shaking. When R. capsulatus strains were grown under defined 
oxygen tensions, a 10 ml overnight culture was subcultured into 100 ml of RCV 
in a graduated cylinder at an initial Klett value of approximately 20 (red filter) 
and grown for two generations under low and high oxygen tensions. Low 
oxygen tension was maintained by sparging the culture with a mixture of 3% 
oxygen, 5% carbon dioxide and 92% nitrogen. High oxygen tension was 
maintained by sparging the culture with compressed air supplemented with 3% 
oxygen. Cultures were incubated in a 37°C water bath.
DNA isolation
Chromosomal DNA was isolated from E. coli grown overnight in 10 ml of 
L-broth or R. capsulatus grown overnight in 100 ml of PYE. The cells were 
harvested at 10,400 x g for 10 min and suspended in 2.5 ml of TES buffer (50 
mM Tris-CI, pH 8.0-0.01 mM EDTA, pH 8.0-0.1% NaCI). Proteinase K was 
added to a final concentration of 0.5 mg/ml. Ten percent sodium dodecyl 
sulfate in 1 M Tris-CI, pH 8.0 was added to a final SDS concentration of 1.0% 
and the mixture incubated at 42°C for 1 h. Following three extractions with 
TES-saturated phenol, the mixture was extracted numerous times with 
cholorform-isoamyl alcohol (24:1) until little or no white precipitate was seen. 
Pancreatic RNase (Sigma Co., St. Louis, MO) was added to the aqueous
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phase at a concentration of 25 pg/ml and incubated at 37°C for 30 min. The 
solution was then extracted with water-saturated ether until the aqueous phase 
was clear. An equal volume of isopropanol was added and incubated at -20°C 
for 20 min. After centifugation at 9,750 x g, the pellet was dried and 
suspended in a minimal volume of water.
Phage DNA was purified from phage particles by growing NM538 
overnight in 10 ml of L-broth supplemented with 0.2% maltose-0.01 M MgS04. 
The culture was shaken vigorously until the O.D. 650 reached 0.45 to 0.6 . 
Phages were added to the culture at a multiplicity of infection of 0.1 to 1.0, 
incubated at 37°C for 10 min with shaking until lysis was evident. After lysis, 
0.2 ml of chloroform per 100 ml of lysate was added and the mixture shaken for 
10 min. NaCI was added to a concentration of 4 g of NaCI per 100 ml of 
lysate. Both DNase (New England BioLabs, Beverly, MA) and RNase were 
added at 0.1 mg per 100 ml of lysate and incubated at 25°C for 1 h. Following 
centrifugation at 12,100 x g for 10 min, PEG 8000 (Sigma Chemical Company, 
St. Louis, MO) was added to a final concentration of ten percent. The solution 
was refrigerated for a minimum of 1 h, centrifuged at 12,100 x g for 10 min and 
the pellet was suspended in phage buffer (0.2 M KH2PO4-0.25 M Na2HPO4-0.1 
M NaCI-0.01 M MgSO4-1.0 mM CaCI2-0.001% gelatin) to 1/25 of the prior 
volume. A CsCI step gradient (31 %, 45% and 56% w/w) was prepared and the 
phage suspension layered on the surface. Centifugation was carried out in a
Model L5-65B ultracentrifuge (Beckman Instruments, Inc., Palo Alto, CA) using 
the SW41 rotor at 151,000 x g at 20°C for 1.5 to 2.0 h. The phage band was 
collected, mixed with 41.5% w/w CsCI and centrifuged in an SW50.1 rotor at 
102,000 x g at 18°C for 24 h. The phage band was collected and dialyzed 
twice against 1 I of 0.01 M Tris-CI, pH 8.0-1 mM EDTAfor at least 1 h each. The 
phage solution was diluted to an A 260 of 15 with phage buffer and extracted 
three times with an equal volume of phenol saturated with 0.5 M Tris-CI, pH 
8.0. Following dialysis for 24 h against four changes of 1 I of 0.01 M Tris-CI, 
pH 8.0-1 mM EDTA, the phage DNA was stored at 4°C.
For small-scale plasmid extractions, plasmids were isolated from 1 to 5 
ml of an overnight culture with QIAprep Spin Plasmid Kits (Qiagen Inc., 
Chatsworth, CA). The procedure, based on the modified alkaline lysis method 
of Birnboim and Doly (16), consisted of three steps: preparation of a cleared 
lysate, adsorption of DNA on to silica in the presence of high salt and washing 
and subsequent elution of plasmid DNA.
For large-scale plasmid extractions, plasmids were isolated from 100 to 
500 ml overnight cultures with the Wizard Maxiprep DNA Purification System 
(Promega Inc., Madison, Wl). The procedure, also based on the modified 
alkaline lysis method of Birnboim and Doly (16), consisted of preparation of a 
cleared lysate, adsorption of DNA on to a proprietary silica-based resin and 
elution of the plasmid DNA.
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Restriction enzyme digestions, ligations, fill-in reactions, and nick 
translations
Generally, 1 pg of DNA was digested in a 10 pi volume for 1 to 2 h. 
Buffers and enzymes were obtained from New England Biolabs (Beverly, MA) 
and were used according to the manufacturer's recommendations.
DNA was ligated by mixing 1 to 5 pg of DNA fragments with compatible 
ends, ligase buffer and 40 U of T4 DNA ligase (New England Biolabs, Beverly, 
MA) in a 10 pi volume. The reactions were incubated at 16°C for 3 h to 
overnight.
DNA fragments with 5' protruding ends were filled in by mixing 1 pg of 
DNA, 1 pi New England Biolabs' restriction enzyme buffer 2, 33 mM dNTP mix 
(Promega Inc., Madison, Wl) and 1 U Klenow polymerase in a 20 pi final 
volume. Following incubation at 25°C for 15 min, 10 mM EDTA was added to 
terminate the reaction. The polymerase was inactivated by incubation at 75°C 
for 10 min.
Plasmid DNA was nick-translated by using the BRL Nick-Translation 
System (Bethesda Research Laboratories Life Technologies, Inc.,
Gaithersburg, MD). Unincorporated isotope was removed by spin-column 
chromatography on Sephadex G50 by passing the sample through a MINI­
SPIN column (Worthington Biochemical Corp., Freehold, NJ). A 2 pi sample 
was added to 5 ml of Cytoscint liquid scintillation cocktail (ICN Biomedicals,
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Inc., Costa Mesa, CA) and the cpm were measured in a Beckman model 
LS6800 Liquid Scintillation instrument (Beckman Instruments, Inc., Irvine, CA). 
Agarose gel electrophoresis
DNA was routinely separated by electrophoresis through a 0.7% 
agarose gel containing 0.5 pg per ml ethidium bromide. Stock gel buffer (50X 
TAE= 2 M Tris-acetate-0.1 M EDTA) was diluted to 1X for short runs (under 2 
hours at 80 volts) or 4X for use in longer runs (up to overnight at 25-35 volts). 
DNA samples were mixed with 1/10 volume of loading buffer (0.25% 
bromothymol blue, 40% sucrose) prior to electrophoresis and visualized using 
a Fotodyne short-wave UV light box. Gels were photographed with a Polaroid 
camera.
Pulsed field gel electrophoresis of R. capsulatus SB1003 DNA (42) was 
accomplished by harvesting 5 ml of an overnight culture at 3,020 x g for 6 min. 
The pellet was suspended in 5 ml of 50 mM EDTA pH 8.0 and harvested. The 
pellet was dispersed in 0.5 ml of 50 mM EDTA, pH 8.0-1.6% LMP agarose 
(Bethesda Research Laboratories, Inc, Gaithersburg, MD) which had been 
cooled to 55°C. The mixture was injected into a 50 cm length of sterile tubing 
(1/16 ID; 1/8 OD;1/32 Wall) and allowed to solidify at 25°C. The embedded 
cells were extruded into 5 ml of 50 mM EDTA, pH 8.0 and incubated at 25°C 
for 30 min. Protein was removed by replacing the buffer with 5 ml of 3% lauryl 
sarcosine-0.2 M EDTA, pH 8.5-5 mg Proteinase K. Following an overnight
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incubation at 55°C, the embedded cells were rinsed twice with 50 mM EDTA, 
pH 8.0. The Proteinase K was inactivated by incubating the agarose plugs in 
200 pi of 50 mM EDTA, pH 8.0-1.0 mM phenylmethylsulfonyl fluoride at 25°C 
for 1 h. Following two rinses with 50 mM EDTA, pH 8.0 at 25°C for 30 min, the 
plugs could be stored in the refrigerator for up to 6 months. Restriction 
digestion was accomplished by incubating a 1 cm agarose plug in 100 pi of TE 
(10 mM Tris-CI, pH 8.0-1 mM EDTA, pH 8.0) on ice for 20 min. The plug was 
rinsed twice with 100 pi of the appropriate restriction enzyme buffer solution on 
ice for 30 min each time. The plug was then incubated in 100 pi of the 
restriction enzyme buffer solution containing 5 to 20 U of the restriction enzyme 
at the recommended temperature. Following digestion, the plug was incubated 
in 0.5X TBE (0.045 M Tris-0.045 boric acid-0.046 EDTA, pH 8.0) on ice for 30 
min. The plug was sealed into the well of a 1 % agarose gel with liquid 1 %
LMP agarose cooled to 55°C. The DNA was separated in a BioRad CHEF-DR 
II electrophoresis system (BioRad Laboratories, Hercules, CA) set at the 
following conditions: switching interval, 8 to 16 s; voltage, 200V; temperature, 
13°C; run time, 24 hr and buffer, 0.5X TBE.
Transformations
E. coli was transformed by a procedure based on the method of Kushner 
(80). The strains were grown with shaking until a cell density of approximately 
5 x 107 cells per ml was achieved. Cells from 1.5 ml of culture were harvested
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and suspended in 1 ml of 100 mM morpholinopropane sulfonic acid, pH 6.5-50 
mM CaCI2-10 mM RbCI. The cell suspension was incubated on ice for 15 min, 
harvested and suspended in 0.2 ml of the same buffer solution. Three ml of 
dimethyl sulfoxide and from 200 to 500 ng of exogenous DNA were added to 
the cell suspension. Following incubation on ice for 30 min, the cells were heat 
shocked at 43°C for 90 s. The cells were transferred to 3 ml of L-broth and 
incubated without shaking at 37°C for 1 h. Then 0.1 ml of the cell culture was 
plated on the appropriate selective medium.
An alternative method of transforming cells was electroporation. E. coli 
strains were grown in L-broth until an O.D. 660 of 0.5 to 1.0 was reached. 
Approximately 100 ml of culture was centrifuged at 5,900 x g for 8 min. The 
cells were washed twice with 10 ml of sterile ice cold water and once with 10 
ml of ice cold 10% glycerol. Following the glycerol wash, the cell pellet was 
suspended in up to 200 pi of 10% glycerol. Forty microliters of cell suspension 
was placed in a 0.2 cm electroporation cuvette and up to 2 pg of DNA was 
mixed with the cells. The suspension was pulsed using the BioRad Gene 
Pulser (BioRad Laboratories, Hercules, CA) set at 2.5 volts, 25 pF and 200 
ohms. Two milliliters of L-broth (or L-broth supplemented with glucose for hem 
strains) were added to the cuvette and transferred to a test tube. The cell 
suspension was incubated for 1 h at 37°C in a roller drum and 0.1 ml was 
plated on the appropriate selective medium.
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Matings
Triparental matings were performed by growing E. coli donor strains and 
E. coli strain HB101, harboring the helper plasmid pRK2013, overnight in 10 ml 
of L-broth with slow shaking. Recipient R. capsulatus strains were grown 
overnight in 10 ml of PYE broth at 37°C without shaking. One milliliter of R. 
capsulatus culture and 0.2 ml of both E. coli cultures were harvested and mixed 
on a sterile nitrocellulose disc placed on the surface of a PYE plate. The plate 
was incubated at 25°C for 4 h, spread with the appropriate antibiotic(s), and 
then incubated at 37 °C for 2 to 4 days.
Southern analysis
Smaller DNA fragments were separated by conventional electrophoresis 
through a 0.7% agarose gel and larger fragments were separated by Pulsed 
Field Gel Electrophoresis through a 1% agarose gel. Gels containing larger 
DNA fragments were presoaked in 0.25 N HCI for 10 min and rinsed with 
distilled water. All gels were placed in denaturing buffer (0.5 M NaOH-1.5 M 
NaCI) at 25°C for 30 min with slow shaking. The gels were rinsed with distilled 
water and soaked in neutralizing buffer (0.5 M Tris-CI, pH 7.0-1.5 M NaCI) at 
25°C for 30 min with slow shaking. The gels were soaked in 20X SSC transfer 
buffer (3 M NaCI-0.3 M sodium citrate, pH 7.0) with slow shaking at 25°C for 30 
min. The denatured DNA was transferred to Nytran membranes using the 
S & S Turboblotter and Blotting Stack Assembly (Schleicher & Schuell Inc.,
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Keene, NM). The membranes were wet with distilled water, immersed in 20X 
SSC for 5 min and placed directly on top of the gel. Smaller DNA fragments 
transferred in 3 to 4 h and larger ones in 12 to 14 h. Following transfer, the 
blots were washed gently with 2X SSC for 5 min and baked at 80°C for 1 h. 
Dried blots were stored in sealed plastic bags. Both prehybridizations and 
hybridizations were carried out in a Hybaid Micro-4 Hybridization Oven 
(National Labnet Company, Woodbridge, NJ). Blots were coiled in mesh, 
sealed in glass cylinders, rinsed with 2X SSC, and incubated in 5 ml of 
prehybridization solution (5X SSC-1% SDS-10X Denhardt's [1 g ficoll-1 g 
polyvinylpyrrolidone-1 g bovine serum albumin]-0.5 mg/ml denatured salmon 
sperm DNA) at 65°C for 1 h. Following removal of the prehybridization 
solution, the blots were incubated in 5 ml of 5X SSC-1% SDS-2X Denhardt's- 
0.1 mg/ml denatured salmon sperm DNA-106 cpm of denatured probe/ml of 
solution at 65°C for 12 h. The blots were washed in 2X SSC-1 % SDS at 25°C 
for 30 min. They were subsequently washed twice in 0.5X SSC-1 % SDS for 
30 min at 25°C and once at 65°C. The blots were air dried and used to expose 
Kodak XRP-5 X-ray film (Eastman Kodak Company, Rochester, NY) overnight. 
DNA sequencing
Unidirectional, nested deletions of plasmid DNA were constructed with 
an Erase-a-Base kit (Promega Inc., Madison, Wl). This system is based on the 
protocol developed by Henikoff (54) in which exonuclease III is used to digest
the DNA of interest from a blunt or 5' protruding end. DNA was sequenced 
using the New England Biolabs CircumVent Thermal Cycle Dideoxy DNA 
Sequencing Kit (New England Biolabs, Inc., Beverly, MA) which is based on 
the chain termination method of Sanger (110). Plasmid templates were copied 
during asymmetric PCR in a Hybaid Thermocycler (National Labnet 
Laboratories, Woodbridge, NJ) for 25 cycles. Following an initial denaturation 
step at 95°C for 5 min, each cycle was composed of 95°C for 1 min, 55°C for 1 
min and 72°C for 1 min. The DNA fragments were separated by 
electrophoresis through a 6.0% PAGE-urea gel at 58°C in a Polar Bear 
Isothermal Electrophoresis apparatus (Owl Scientific, Woburn, NJ). The gel 
was fixed in 20% ethanol-10% acetic acid, backed with 3M Whatman filter 
paper and dried for 3 to 4 h in a BioRad model 483 Slab Gel Dryer (BioRad 
Laboratories, Hercules, CA). Kodak BioMax X-ray film (Eastman Kodak 
Company, Rochester, NY) was exposed by the dried sequencing gels for 1 
to 2d.
Protein determination
The Bradford Dye-binding assay (BioRad Laboratories, Hercules, CA) 
was used to determine the protein concentration of cell extracts. A standard 
curve was constructed using purified bovine serum albumin.
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Chloramphenicol acetyltransferase assay
Chloramphenicol acetyltransferase assays were performed as described 
by Shaw (114). R. capsulatus was grown in 100 ml of PYE until the O.D. 660 
reached 0.4. The cells were harvested, suspended in 1 ml of 50 mM Tris-CI, 
pH7.8 and sonicated three or four times for 20 s with 30 s cooling periods. Cell 
debris was removed by spinning the extract at 27,000 x g for 20 min. Two 
hundred and fifty pi of crude extract was mixed with 250 pi of 4 mg 5,5'- 
dithiobis-2-nitrobenzoic acid per ml in 1 M Tris-CI, pH 7.8-50 mM acetyl CoA- 
1.950 ml dH20. The mixture was divided into 1 ml samples and placed in a 
Perkin-Elmer spectrophotometer (Perkin-Elmer Corporation, Norwalk, CT) and 
ten pi of 5 mM chloramphenicol was added to the sample cuvette. The change 
in optical density at 412 nm was monitored by a chart recorder.
Ferrochelatase assay
The protocol developed by Dailey (30) was used to assay ferrochelatase 
activity. Cell extracts were prepared as described in the chloramphenicol 
acetyltransferase assay section and 750 pi of extract was mixed with 50 pi of 1 
M Tris-acetate, pH 8.2-50 pi of 0.1 M DTT-50 pi of 4 mM ferrous ammonium 
sulfate. The tube was flushed for 1 min with oxygen-scrubbed nitrogen. 
Following the addition of 100 pi of deuteroporphyrin, the tube was incubated in 
the dark at 37°C for 30 min. The addition of 0.5 ml of 50 mM iodoacetamide 
terminated the reaction. After the addition of 0.25 ml of pyridine and 0.25 ml of
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1 N NaCI, the mixture was divided into two cuvettes. A few grains of sodium 
dithionite was added to the sample cuvette and the spectrum recorded from 
575 nm to 500 nm.
Thin layer chromatography
Porphyrins were extracted into ethyl acetate-acetic acid (3:1), esterified 
with Me0H-H2S04 (95:5) (65) and suspended in chloroform. The samples 
were spotted onto Silica Gel G TLC plates (Fisher Scientific, Pittsburgh, PA). 
The plates were developed in benzene-ethyl acetate-ethanol (80:18:2) and 
viewed under long-wave UV light. Porphyrins were identified by their 
comigration with the appropriate standards (Porphyrin Products, Logan, Utah). 
Dot blot analysis
Total RNA was isolated from R. capsulatus by pouring 40 ml of cell 
culture over an equal volume of buffer (50 mM Tris-CI, pH 7.5-75pg/ml 
rifampicin-25 pl/ml chloramphenicol) cooled to -80°C. The mixture was spun at 
16,300 x g, resuspended in 4 ml of buffer and incubated for 5 min at 4°C with 
10 mg of lysozyme. Following the addition of 0.5 ml of 10% SDS, the mixture 
was extracted four times with an equal volume of water-saturated phenol. It 
was then extracted three times with an equal volume of chloroform-isoamyl 
alcohol (24:1). The nucleic acid mixture was precipitated with 0.5 ml of 3M 
sodium acetate, pH 4.8, and an equal volume of isopropanol. After incubation 
at -20°C for a minimum of 30 min, the mixture was centrifuged at 13,200 x g for
30 min. The supernatent was decanted and the pellet dried. The dried pellet 
was resuspended in 1 ml of 50 mM Tris-CI, pH 7.5-1 mM EDTA-10 mM MgCI2 
and incubated at 37°C for 30 min with 10 pi of DNase. Following extraction 
with an equal volume of water-saturated phenol and then an equal volume of 
chloroform-isoamyl alcohol, the RNA suspension was evenly divided into three 
sterile microfuge tubes. The RNA was precipitated by adding 30 pi of 3 M 
sodium acetate, pH 4.8 to each tube, filling the tube with ethanol and spinning 
in a microcentrifuge at maximum speed for 5 min. Dried pellets were stored at 
-80°C.
RNA was denatured by incubating one pellet at 50°C for 1 hr in 7.4 pi of 
dH20, 5.4 pi of 6 M glyoxal, 16 pi DMSO and 3.2 pi of 0.1 M sodium 
phosphate, pH 7.0. After denaturation, the solution was cooled on ice and 800 
pi of cold 10 mM sodium phosphate, pH 7.0 was added to the sample. Serial 
dilutions of RNA were transferred to a Nytran membrane using the BioRad Dot 
Blot apparatus. The membrane was baked at 80°C for 1 hr and sealed in a 
plastic bag for storage at room temperature. Prior to prehybridization, the blot 
was soaked at 65°C for 1 hr in 0.1X SSC-0.5% SDS. The blot was incubated 
for 4 h at 65°C in 5X SSC-50 mM NaP04, pH 6.5-1 OX Denhardt's-1 mg/ml 
denatured salmon sperm DNA. Following removal of the prehybridization 
solution, the blots were incubated in 5X SSC-25 mM NaP04, pH 6.5-2X 
Denhardt's-0.1 mg/ml denatured salmon sperm DNA-106 cpm of denatured
probe/ml of solution overnight at 65°C. The blots were washed twice in 2X 
SSC-0.1% SDS at 25°C for 30 min. They were then washed in the same 
solution at 55°C for 1h. The blots were air-dried and used to expose Kodak 
XRP-5 X-ray film overnight.
RESULTS
Construction, isolation and characterization of E  coli hem::Tn5 mutants
In order to construct Tn5 insertional hem mutants, E. coli W3110 was 
grown overnight in 10 ml of L-broth supplemented with 0.2% maltose. The 
cells were harvested, suspended in 0.5 ml L-broth, mixed with 1 x 109ATn5 and 
incubated at 25°C for 45 min. The culture was diluted with 9 ml of L-broth and 
10 pi aliquots were spread on L-agar plates supplemented with 0.2% glucose 
and 10 pg kanamycin per ml. Glucose was supplied because hem colonies are 
cytochrome deficient and, therefore, require a fermentable carbon source. 
Following incubation at 37°C, kanR colonies were exposed to long-wave UV 
light. Mutants with insertions in hemE, F, G or H should accumulate 
porphyrins, which would cause the colonies to fluoresce. Small, fluorescent 
colonies were tested for lack of heme-associated peroxidase activity by 
flooding the plate with 3,3',5,5'-tetramethylbenzidine, incubating at 25°C in the 
dark for 30 min and flooding with 3% H20 2. Peroxidase negative colonies 
remained white. Small, fluorescent, kanR, peroxidase- colonies were scored for 
glucose dependence. All of the strains tested required glucose. Tetrapyrrole 
intermediates were extracted and identified by thin layer chromatography as 
described in Materials and Methods. Gene assignments could be made
40
41
unambiguously for all of the mutants (Table 4) except AJB553 which 
accumulated protoporphyrin IX. Since both hemG and hemH mutants would 
accumulate protoporphyrin IX, the Tn5 insertion could be in either of these 
genes. If the insertion was in the hemH gene, the mutant should lack 
ferrochelatase activity. Ferrochelatase activity was measured in AJB553 and 
shown to be normal (data not shown). This suggested that the transposon was 
in hemG rather than hemH.
Cloning and mapping of the E. coli hemE gene
Chromosomal DNA was isolated from AJB550, the hemE strain, and 
digested with BamHI, EcoRI, EcoRV, W/ndlll, Pstl and PvuW. The restriction 
fragments were separated by agarose gel electrophoresis and were transferred 
to Nytran as described in Materials and Methods. A Tn5-containing plasmid, 
pSUP2021, was nick-translated and used to probe the genomic fragments 
(Figure 2). In the BamHI lane, pSUP2021, which contains a BamHI site in the 
Tn5, hybridized to fragments of 4.4 kb and 3.5 kb. The sum of these two 
fragments minus 5.7 kb (the size of the Tn5) yielded the actual size of the 
BamHI fragment into which the transposon inserted. The probe hybridized to a 
single 7.1 kb fragment in the EcoRV lane which, minus the 5.7 kb transposon, 
yielded an actual 1.4 kb fragment. In summary, the probe hybridized to the 
following fragments (corrected for the size of the Tn5): BamHI, 2.2 kb; EcoRI,
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Table 4. E. coli hem::Tn5 strains and their accumulated tetrapyrroles
Strain Accumlated tetrapyrrole Mutated gene
AJB550 uroporphyrinogen hemE
AJB551 uroporphyrinogen hemE
AJB552 coproporphyrinogen III hemF
AJB553 protoporphyrin IX hemG
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7.1 kb
4.4 kb
3.5 kb
B E
Figure 2. Southern analysis. B=AJB550 DNA digested with BamHI and 
probed with pSUP2021. E=AJB550 DNA digested with EcoRV 
and probed with pSUP2021.
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15 kb; EcoRV, 1.4 kb; Hind\\\, 20 kb; Pst\ 10.6 kb; and PvuW, 5.0 kb.
Fragments of these sizes, except for EcoRV, were centered at approximately 
3508 kb (Figure 3) on the map of Kohara et al. (76). This location is in 
agreement with the location of hemE on the E. coli genetic map (6).
Approximately 20 kb of E. coli genome from 3500 kb to 3520 kb is 
contained within Kohara phage 7B7 (Figure 3). Upon infection of AJB550 
with 7B7, recombination restored the strain to a Hem+ phenotype. A 2.2 kb 
BamHI fragment was subcloned from 7B7 into pBR328. The resulting plasmid, 
designated pCAP99, was transformed by electroporation into AJB550 and the 
plasmid did not restore the Hem+ phenotype (Figure 3). A 3.7 kb EcoRI-Pvull 
fragment was subcloned from phage 7B7 and ligated into pBR328. When this 
plasmid, pCAP101, was transformed into AJB550 by electroporation, the Hem+ 
phenotype was restored (Figure 3).
Further restriction mapping of 7B7 indicated that there are two additional 
unmapped EcoRV sites in the insert. One is within the 2.2 kb BamHI fragment, 
and the other is within the 4.0 kb BamHI fragment. Restriction mapping of 
pCAP99 indicated that the first EcoRV site is 0.6 kb from the left end of the 2.2 
kb BamHI fragment. The EcoRV site within the 4.0 kb BamHI fragment has not 
been precisely mapped. A further refinement of the Kohara map (108), which 
became available after this work was completed, indicated the presence of 
additional EcoRV sites in this region.
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3500 3510 3520
I_____________________ 1______________________ I
Hindlll 
EcoRI 
PstI
PvuII  1-----------------------  1-------- U----L_L
7B7
pCAP99
pCAPlOl
Figure 3. Restriction map of the region surrounding E. coli hemE. 
The heavy lines indicate the restriction fragments that 
contained the Tn5 insertion in AJB550.
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These results demonstrated that the E. coli hemE gene is contained 
within a 3.7 kb EcoRI-Pvull fragment located at 3506 to 3510 kb on the map of 
Kohara et al. (76). While the Southern blots indicated that the Tn5 insertion in 
AJB550 is located between 3505 kb and 3507 kb, the inability of pCAP99 to 
complement AJB550 suggested that the hemE gene spans the BamHI site 
between the 4 kb BamHI fragment and the 2.2 kb BamHI fragment.
Subsequent attempts to complement AJB550 with an R. capsulatus 
library resulted in numerous false positives due to AJB550's propensity to 
revert to Hem+ prototrophy.
Construction, isolation and characterization of E. coli hem::Tn10 mutants
In an effort to produce stable hem strains, the miniTnfO-containing 
ANK1323 was used to infect E. coli. LE392 was grown overnight in 10 ml of 
L-broth supplemented with 0.2% maltose and 0.01 M MgS04 Serial dilutions of 
ANK1323 were prepared in TMG buffer (0.1 M Tris-CI, pH 7.4-50 mM MgS04- 
0.001% gelatin) and mixed with 0.1 ml of LE392 in 2.5 ml of top agar. The 
plates were incubated overnight at 37°C. A single plaque was transferred to a 
flask containing 10 ml L-broth, 10 mM MgS04 and 0.1 ml of an overnight 
culture of LE392. The flask was shaken vigorously until lysis was evident. 
Following chloroform addition and centrifugation, the supernatant was titered. 
Tn 10 mutagenesis was accomplished by growing E. coli W3110 in 10 ml of 
L-broth supplemented with 0.2% maltose and 10 mM MgS04, harvesting the
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cells, and mixing 0.1 ml of concentrated cells with enough phage lysate to give 
a multiplicity of infection of between 0.1 and 1 phage per cell. The phage-cell 
mixture was incubated at 25°C for 15 min and at 37°C for 15 min. One ml of L- 
broth was added and 10 to 50 pi plated on L-agar supplemented with 
tetracycline (15 pg/pl) and glucose (0.4%). The plates were incubated in 
anaerobic jars using BBL GasPak Anaerobic Systems (Becton Dickinson and 
Company, Cockeysville, MD) at 37°C for 48 h. Since cytochrome-deficient hem 
strains must grow fermentatively, the anaerobic environment prevented the 
Hem+ strains from outcompeteing the slower-growing Hem' colonies. As had 
been done to characterize hem::Tn5 insertional mutants, small, tetR (rather 
than kanR), fluorescent colonies were tested for lack of heme-associated 
peroxidase activity and scored for glucose dependence. Tetrapyrrole 
intermediates were isolated and identified by their comigration during thin layer 
chromatography with porphyrin standards. Three strains were identified that 
accumulated uroporphyrin and three that accumulated protoporphyrin. One 
uroporphyrin-accumulating strain, AJB555, was restored to a Hem+ phenotype 
upon transformation with pCAP101, a plasmid known to contain the E. coli 
hemE gene (This study). AJB555 proved to be stable and was therefore 
selected for use in cloning the R. capsulatus hemE gene.
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Cloning and restriction analysis of the R. capsulatus hemE gene
R. capsulatus PAS100 chromosomal DNA was extracted as in Materials 
and Methods and digested to completion with EcoRI, H/ndlll or Pst\. The 
fragments were ligated into pKK223-3, an expression vector which contains the 
P,ac promoter and confers ampicillin resistance. The libraries were transformed 
into AJB555 {hemE) via electroporation and 100 pi aliquots of the 
transformation mix was plated on L-agar supplemented with ampicillin 
(25pg/pl). No transformants were recovered from the EcoRI or Pst\ libraries. 
Three ampR, Hem+ colonies were isolated from the H/ndlll library. A 
complementing plasmid, pCAP114, was extracted and mapped with restriction 
enzymes (Figure 4). The R. capsulatus hemE gene is contained within a 1.1 
kb H/ndlll fragment with the following internal restriction sites: Psfl, Msc\, PvuW 
and A/col.
Chromosomal location of the R. capsulatus hemE gene
Fonstein et al. (42) constructed a physical map of the R. capsulatus 
genome by overlapping large restriction fragments generated by digesting the 
chromosome with Asel and Xba\. In order to determine the location of the R .' 
capsulatus hemE gene on the chromosome, SB1003 cells were embedded in 
agarose and the DNA digested en bloc with Asel and Xba\. As described in 
Materials and Methods, the fragments were separated by pulsed field gel 
electrophoresis and transferred to Nytran. The R. capsulatus hemE-containing
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plasmid, pCAP114, was nick-translated and used to probe the membrane 
(Figure 5). The probe hybridized to the 190 kb Xba\ fragment 7. It was not 
possible to determine unambiguously if the probe hybridized to Asel fragment 
12 or 13 since the two fragments migrated very similarly in the gel. To date, 
four hem genes have been mapped to the R. capsulatus chromosome 
(Figure 6): hemA (57), hemB (57), hemE (This study) and hemH (Kanazireva, 
unpublished results).
Sequencing of the R. capsulatus hemE gene
The 1.1 kb R. capsulatus /?emE-containing H/ndlll fragment was cloned 
in both orientations in pl)C18. Nested deletions were constructed in both 
plasmids, pCAP116 and pCAP117, using the Promega Erase-a-Base system. 
Double-stranded DNA was sequenced using New England Biolabs' thermal 
cycle sequencing system which incorporated 35S ATP into the PCR products.
The sequence of the R. capsulatus hemE gene contains an open 
reading frame of 1032 nucleotides (Figure 7). The ATG codon beginning at 
position 578 is the likely candidate for the start codon due to the presence of a 
putative ribosome-binding site upstream and due to the fact that the ATG 
beginning at position 645 is located within a perfectly-conserved hexapeptide 
characteristic of all uroporphyrinogen decarboxylase sequences determined to 
date (46). The nucleotide sequence encodes a 344 amino acid protein with a
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A 1 2 X
Figure 5. Southern hybridization of total R. capsulatus DNA probed with 
/iem£-containing plasmid, pCAP114. A=Asel-digested 
chromosomal DNA; 1=pCAP114 hybridized to Asel-digested 
DNA; 2-pCAP114 hybridized to Xbal-digested DNA; X-Xbal- 
digested chromosomal DNA.
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Figure 6. Location of hemA, hemB, hemE, and hemH genes on the 
physical map of R. capsulatus.
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1 GAATTCGACCATCTTCAGATCGGGGCGCGCGGGCAAGCTGGGCGCGACGGCCAAGCTGGAGGTGCCCACCACCGCGCCCTCGGGCAGCTCGGCGAGCGAA 
1 0 1  TTGTATTTCATCGAAACGAAGGCGTCGCGGGTGTCTTCGCGCGGCAGGTAGCAATCGAGGATCAGCCCCTCGGGCTGAAGCGTCGGCATGTCCTTCATCG 
2 0 1  AATGCACGGCGATGTCGATCGAGCCCGCCAGCATCGCCTCTTCGATTTCCTTGGTGAAAAGGCCCTGCCCCACCTCTTTCAAAGGCTTGTCGGCGGCGAT 
3 0 1  CAGCGCCGCATTGTCGCCCGAGGTCTTGATCACCGATCTCGAAGGCCTCTTCGGGCAGATCGAACGCGGCCATGAGCCGCGAGCGGGTCTCAAAGGCGTT 
4 0 1  GCGCGAGCGCCAGAGGGCTGCCGCGGGTGCCGATCTTCAGCGGGGCGTTGGGCGAGGGCATCTGTTCCATGCGTTGGCATAACCGCGTCAGATTGCCCGC 
5 0 1  GGAAGCTTACAAGTGTCAACAGTGCTTGACATTCAGCCGCAGGGGACGCTGTTAAGGGGCAAGAAGGAGGCCCTCCAAATGACCGACAAGACGATCCTGC
M T D K T I L R
6 0 1  GCGCCCTCAAGGGCGAAGTTCTTCCCACGCCGCCGGTGTGGCTGATGCGGCAGGCGGGCCGCTACCTGCCGGAATACCGCGCCACCCGCGCGCAGGCGGG 
A L K G E V L P T P P V W L M R Q A G R  Y L P E Y R A T R A Q A G
7 0 1  CGATTTCCTCAGCCTGTGCTACACGCCGGACCTTGCTGCCGAAGTGACGCTGCAGCCGATCCGCCGTTATGGGTTCGACGCCGCGATCCTTTTCGCCGAC 
D F L S L C Y T P D L A A E V T L Q P I R R Y G F D A A I L F A D
8 0 1  ATCCTGCTTTTGCCGCAGGCGCTTGGCCTTGATCTGTGGTTTGAAACCGGGGAAGGGCCGCGGATGTCCACCGTGACCTCGATGGAGGGCGTCAAGGGCC 
I L L L P Q A L G L D L W F E T G E G P R M S T V T S M E G V K G L
9 0 1  TCAAGGGCAAGGACGACATCCACGACAAGCTCGCCCCGGTCTATGAGACCTGCAAGATCCTGTCGCGCGAGCTGCCGAAGGAAACCACTTTCATCGGCTT 
K G K D D I H D K L A P V Y E T C K I L S R E L P K E T T F I G F
1 0 0 1  TGCGGGCATGCCCTGGACCGTGGCCACCTACATGATCGCGGGCCGCGGCTCCAAGGATCAGGCGGCGGCGCACAAGTTCAAGGACACCGACCGGGCGGCG 
A G M P W T V A T Y M I A G R G S K D Q A A A H K F K D T D R A A
1 1 0 1  TTTTCGGCGCTGATCGACGCGGTGACCGTGGCGACGATCGAATACCTGTCGAAACAGGTCGAGGCGGGCTGCGAAGTCGTCAAGCTGTTCGACAGCTGGG  
f s a l i d a v t v a t i e y l s k q v e a g c e v v k l f d s w a
1 2 0 1  CCGGTTCGCTCAAGGGCCAGGATTTCGAGGATTTCGCGGTCGAACCCGCCCGCGTCATCACCGCCGAGATGAAGCGCCGCTTCCCCGGCCTGCCGGTCAT 
G S L K G Q D F E D F A V E P A R V I T A E M K R R F P G L P V I
1 3  0 1  CGCCTTCCCGCGCGAGGCGGGCCAGGGCTACATCGGTTTTGCCGAAAAGACCGGGGCGGATTGCGTCGCCATCGACAATTCGGTCTCGCCGGACTGGGCG
A F P R E A G Q G Y I G F A E K T G A D C V A I D N S V S P D W A
14  0 1  GCGGAAAACGTGCAAAAGGGCAAGACCTGCGTGCAGGGCAACCTGGACCCGTCCTACATGGTGACCGGCGGCCAAGAGCTTGTGGAAGCGACGAAAAAGG
A E N V Q K G K T C V Q G N L D P S Y M V T G G Q E L V E A T K K V
1 5 0 1  TCGTCGCCGCGTTCAAGAACGGGCCGCATATCTTCAACCTCGGCCATGGCATCACGCCCGAGGCGAACCCGGACAATGTCACGCTCCTGATGGAAACCA.T 
V A A F K N G P H I F N L G H G I T P E A N P D N V T L L M E T I
1 6 0 1  CCGCAAGGGCTGAGCGCGCAAGGGCGTATTTGAACCAAGAAAAA 1 6 4 4  y ,
R K G * CO
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molecular weight of 43,611 Da. This is in good agreement with reports of other 
uroporphyrinogen decarboxylases (24, 36, 41, 64, 72, 78, 118). The derived 
amino acid sequence of the R. capsulatus enzyme is 34% identical with that of 
yeast (46) and B. subtilis (51) and 36% identical with that of rat (106).
The codon preference profile (Figure 8) indicates the presence of only 
three rare codons within the coding sequence of hemE. The 64% GC content 
of the sequence is characteristic of other R. capsulatus genes.
Interestingly, there is a palindrome located upstream of hemE (Figure 9) 
which has been reported in the control regions of other R. capsulatus genes 
that are reported to be regulated by oxygen tension (3, 86).
Construction of a R. capsulatus hemE-cat fusion plasmid
In order to test transcriptional regulation of the R. capsulatus hemE 
gene under low and high oxygen, a hemE-cat fusion vector, pCAP149 (Figure 
10), was constructed as follows. The promoterless cat cartridge from pCM4 
was cloned into the unique Mscl site contained within the coding region of the 
R. capsulatus hemE gene of pCAP117, forming pCAP136. The H/ndlll 
fragment with the internal cat cartridge was cloned from pCAP136 into the 
mobilizable vector pRK404, forming pCAP144. In order to prevent readthrough 
transcription of cat, the Q cartridge from pBR322Q was cloned upstream of the 
disrupted hemE gene in pCAP136, forming pCAP149 (Figure 10).
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Figure 8. Codon preference plot of the region containing hemE. Open
reading frames are designated as uninterrupted boxes beneath 
the plot in the panel. Rare codons are indicated as vertical 
marks below each panel. The dashed line in each panel 
signifies the rare codon threshold. The codon preference 
profile for hemE is demonstrated in the bottom panel.
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TGTAA N8 TGACA 63 bp bchB
TGTCA N8 TTACA 22 bp bchE
TGTAA N8 TTACA 20 bp crtA
TGTAA N8 TTACA 69 bp crtD
TGTAA N8 TTACA 51 bp crtE
TGTAA N8 ATACA 51 bp bchCXYZ
TGTAA N8 TTACA 143 bp puc
TGTCA N8 TGACA 47 bp hemE
TGTAA N8 TTACA R. capsulatus consensus
TGTGT N6-10 ACACA prokaryotic consensus
Figure 9. Palindromic sequences upstream o f R. capsulatus genes.
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12080,H indlll .
.(Hind),1 
14080 ,H ind lll! (Mscl),83
m t z ^ ^ A s c , l8 S 4
h e m E ' ^ r ^ ^  ..(Hind),1480  
omega 'hemE
pCAP149
14080  bps
Figure 10. Plasmid pCAP149 containing the R. capsulatus hemE-cat 
fusion with an upstream transcriptional terminator.
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A control plasmid was constructed to compensate for differences in cat 
expression due to changes in plasmid structure or copy number. The cat 
cartridge from pCM4 was cloned downstream of the lac promoter in the 
mobilizable vector pRK404 and the resulting plasmid was designated 
pCAP153.
Both of these plasmids were mated from their respective E. coli strains 
into R. capsulatus SB1003 as described in Materials and Methods.
Effect of oxygen tension on transcription of hemE-cat fusion
Strain SB1003[pCAP149] was grown in RCV media until the culture 
reached a Klett value of approximately 100. The cells were harvested and an 
extract prepared as described in Materials and Methods. When 
chloramphenicol acetyltransferase assays were run, there was no detectable 
activity. Presumably, pCAP149 does not contain the entire upstream hemE 
control region.
Cloning and restriction analysis of a larger R. capsulatus hemE- 
containing restriction fragment
In a second attempt to construct a hemE-cat fusion, it was necessary to 
clone additional upstream DNA. Genomic DNA from R. capsulatus PAS100 
was extracted and digested to completion with BamHI, EcoRI or Pst\. The 
fragments were ligated into pUC18 and transformed into AJB555 (hemE) by 
electroporation. There were no Pst\ ampR transformants, but there were both 
EcoRI and BamHI ampR transformants. Following restriction analysis of several
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of the complementing plasmids, one containing a 2 kb EcoRI insert was 
selected for further study. As illustrated in Figure 11, the insert in pCAP155 
encompasses the original H/ndlll fragment found in pCAP114 as well as 
approximately 0.5 kb of both upstream and downstream DNA. A promoterless 
cat gene was cloned into the hemE coding region of this 2 kb EcoRI fragment, 
producing pCAP159. The Sfwl-Smal fragment from pCAP159 was cloned into 
the mobilizable vector pCAP163 forming pCAP164. The transcription- 
terminating Q fragment from pBR322Q was cloned upstream of the hemE::cat 
fusion to prevent readthrough transcription from the plasmid. The final 
construct, pCAP165, (Figure 12) was mated into R. capsulatus SB1003 as 
described in Materials and Methods.
Effect of oxygen tension on transcription of a larger hemE-cat fusion
Strain SB1003[pCAP165] and strain SB1003[pCAP153], the control 
strain, were grown in RCV media under conditions of high and low oxygen as 
previously described. The cells were harvested and extracts prepared as 
described in Materials and Methods. After correcting for the control strain, the 
extract from strain SB1003[pCAP165] grown under high oxygen conditions 
acetylated 0.560 nm of chloramphenicol per min per mg of protein. The extract 
from strain SB1003[pCAP165] grown under low oxygen conditions acetylated 
0.500 nm of chloramphenicol per min per mg of protein.
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H Ps M Pv NH 
pCAP114 | I I , I____ \J
0 0.5 1.0
E H Ps M Pv NH E
pCAP155 (-------- [ 1 1 , 1 ____ | I |
0 0.5 1.0 1.5 2.0
Figure 11. Restriction maps of the R. capsulatus hemE-containing inserts 
in pCAP114 and pCAP155.
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Figure 12. Plasmid pCAP165 containing additional upstream DNA.
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Dot blot analysis of the transcription of the R. capsulatus hemE gene
Transcriptional regulation of the R. capsulatus hemE gene by oxygen 
was measured by dot blot analysis in three separate trials. Each time, a single 
overnight culture of R. capsulatus PAS100 was grown aerobically and divided 
into two equal portions. One portion was maintained under high oxygen 
conditions and the other under low oxygen conditions as described in Materials 
and Methods. The cultures were harvested when their respective Klett values 
reached 100 and total RNA was extracted. Serial dilutions of the RNA were 
transferred to Nytran using a dot blot apparatus and probed with the R. 
capsulatus hemE-containing plasmid pCAP155. As a control for the amount of 
RNA, the same serial dilutions were probed with pRPSB105. This plasmid 
carries the crtB gene which is not transcriptionally regulated by oxygen (25). 
The autoradiogram in Figure 13 is from the second trial and is representative of 
all three trials. To quantitate hybridization, the autoradiograms were scanned 
with a BioRad Video densitometer Model 620. Densitometer tracings of the 
autoradiogram of trial one indicated that the transcription of hemE under low 
oxygen conditions was only 0.7 of the transcription of hemE under high oxygen 
conditions. The second trial yielded identical results. Densitometer tracings of 
the third autoradiogram indicated that hemE transcription under low oxygen 
conditions was two fold higher than the transcription under high oxygen
crtB 
H L
hemE 
H L
Figure 13. Autoradiogram of R. capsulatus PAS100 RNA probed with 
pRPSB105 (crtB) and pCAP155 (hemE). H= high oxygen 
cultures and L= low oxygen cultures.
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conditions. These results indicate that oxygen does not regulate transcription 
of the R. capsulatus hemE gene.
DISCUSSION
Since the initial demonstration of the link between bacteriochlorophyll 
production and oxygen tension (27), investigators have attempted to identify 
the mechanism(s) that enable R. capsulatus to regulate synthesis of 
tetrapyrrole end products. One way that this could be accomplished is 
transcriptional regulation of one or more of the common hem genes.
To date, transcriptional levels have been measured in only two of the 
common hem genes. Wright (130) constructed a hemA-lacZ translational 
fusion vector and mated it into R. capsulatus. When the cultures were grown 
under low oxygen, transcription of hemA was two fold higher than under high 
oxygen conditions. Indest (57) constructed and mated a hemB-cat 
transcriptional vector into R. capsulatus. There was no difference in the 
transcription of hemB under low or high oxygen conditions.
It is difficult to isolate R. capsulatus hem mutants since all metabolic 
modes absolutely require heme. The only R. capsulatus hem mutant reported 
to date, a hemA mutant, is actually a leaky mutant which retains approximately 
10% of the wild type aminolevulinate synthase activity (15). The R. capsulatus 
hemA gene was cloned by complementation of this mutant (15).
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The successful cloning of the R. capsulatus hemB gene by 
complementation of an E. coli hemB mutant (58) suggested that other R. 
capsulatus hem genes might be cloned in the same way. It is feasible to 
isolate £  coli hem mutants because fermentative growth does not require 
heme.
Following Tn5 mutagenesis of E. coli W3110, four hem strains were 
isolated. These strains were characterized by kanamycin resistance, small 
colony size, flourescence, lack of peroxidase activity and glucose dependence. 
Tetrapyrrole intermediates were extracted from each strain and identified by 
thin layer chromatography.
Among these strains was one which accumlated uroporphyrinogen III. 
This strain, AJB550, was tentatively designated a hemE mutant and was 
selected for further study.
The precise location of the transposon was identified by restriction 
analysis of AJB550. Chromosomal DNA was extracted, digested with six 
different enzymes, transferred to Nytran and probed with a Tn5-containing 
plasmid. The pattern of restriction fragments which contained the Tn5 
matched the pattern centered at 3508 kb on the Kohara map (76). This 
location for hemE is in agreement with the E. coli genomic map (6). Nishimura 
et al. (100) independently cloned and mapped the E. coli hemE gene. Their
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reported location for the E. coli hemE gene is consistent with the location 
identified in this investigation.
The R. capsulatus hemE gene was cloned by constructing a genomic 
library and complementing the E. coli hemE mutant. Two clones were isolated. 
The smaller one, pCAP114, contained a 1.1 kb H/ndlll fragment and the larger, 
pCAP155, contained a 2.0 kb EcoRI fragment. Restriction analysis revealed 
that the smaller H/'ndlll fragment was completely contained in the larger EcoRI 
fragment.
The possibility existed that the R. capsulatus hem genes, like several of 
the bch and crt genes, might be organized into an operon. An operonal 
arrangement could facilitate coordinate transcription under different oxygen 
tensions. The publication of the physical map of the 3.8 Mb R. capsulatus 
genome (42) made it possible to map the locations of the four hem genes 
cloned to date. The widely scattered locations of hemA, hemB, hemE and 
hemH demonstrate that the genes do not form an operon.
Several lines of evidence confirm that the clones isolated in this study 
contain the hemE gene. The nucleotide sequence encodes a protein with a 
molecular weight that is consistant with the molecular weights of other 
uroporphyrinogen decarboxylases (24, 36, 41, 64, 72, 78, 118). The putative 
amino acid sequence of the R. capsulatus hemE gene shares from 34% to 36% 
identity with other uroporphyrinogen decarboxylases (46, 51, 106). There is a
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perfectly-conserved hexapeptide located near the N-terminal end of the R. 
capsulatus protein which has been reported in all uroporphyrinogen 
decarboxylases sequenced to date (46). Edman degradation was used to 
identify the 27 N-terminal amino acids of the R. sphaeroides uroporphyrinogen 
decarboxylase (64). Twenty-two of the putative R. capsulatus N-terminal amino 
acids are the same as those in R. sphaeroides.
Sequence data of the upstream region of the R. capsulatus hemE gene 
revealed a palindrome that has been implicated in oxygen-mediated control of 
other R. capsulatus genes (3, 86). The palindrome, first reported in 1989 by 
Armstrong et al. (3), occured three times in the 5’ flanking regions within the 11 
kb crt gene cluster. Upon searching other published R. capsulatus gene 
sequences, the same motif was identified upstream of the puc operon. A 
consensus sequence based on these four palindromes (Figure 10) was used to 
search for other palindromic sites. No additional sites were found when the 
search parameters required absolute matches to each conserved nucleotide. 
The three palindromes that occur within the crt gene cluster and the one 
upstream of the puc operon overlap putative £. co//-like promoters (3). The 
palindrome centers are located from 20 bp upstream of crtA to 143 bp 
upstream of puc.
Armstrong et al. (3) compared the R. capsulatus palindromic consensus 
sequence to that of a consensus sequence derived from the recognition sites of
the following positive and negative prokaryotic regulators: NifA, AraC, CAP, 
Lacl, GaIR, LexA, TnpR, LysR and Acll (47). Based on the fact that six of the 
ten nucleotides in the two consensus sequences were identical and that the 
motif overlaps putative E. co//-like promoters, Armstrong et al. (3) proposed 
that the R. capsulatus palindrome was the binding site for a transcriptional 
regulatory factor. They discussed the possibly that the 5' palindromes could be 
involved in oxygen-mediated transcriptional control of their respective genes, 
but noted that other oxygen-regulated genes lacked these upstream regions.
In 1993, Ma et al. (86) reported the existence of homologous 
palindromes upstream of bchB, bchE and the bchCXYZ operon. Using the 
bchCXYZ operon as a model, they attempted to define the regulatory 
significance of the upstream palindrome. As measured by P-galactosidase 
activity, transcription of the operon with an unaltered palindrome increased 
three to four fold when cultures were grown under reduced oxygen tension 
(86). This is consistent with previous studies (14, 136,137). Ma et al. (86) 
constructed three mutants by making substitutions in the left half, the right half 
and both halves of the palindrome. When (3-galactosidase activity was 
measured, all three mutants exhibited decreased inducibility by low oxygen 
tension. They did not, however, become uninducible. The differences in the 
total P-galactosidase activity of the mutants was confusing. The increased total 
P-galactosidase activity of the left half mutant would be reasonable if the wild
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type palindrome bound a repressor under low oxygen conditions. Conversely, 
the decreased total P-galactosidase activity of the right half mutant could be 
explained if the wild type palindrome bound an activator under low oxygen 
conditions. To complicate the interpretation of the data, the total p- 
galactosidase activity of the double mutant was similar to wild type.
It is possible that the mutations made in the R. capsulatus bchCXYZ 
palindrome may have altered the DNA sequence of the promoter so that it 
became either a stronger (the left half mutant) or a weaker (the right half 
mutant) binding site for RNA polymerase. This explanation is consistent with 
both the retention of inducibility under low oxygen tension and the variation in 
P-galactosidase levels of all three mutants.
Ma et al. (86) reported that stable DNA-protein complexes formed when 
wild type palindrome-containing 85 bp probes were incubated with crude cell 
lysates. When any one of the three mutant palindromic sequences were 
incubated with crude cell lysates, the complex did not form. The authors stated 
that the exact relationship between formation of the complex and transcription 
of bchCXYZ remains obscure.
Ponnampalam et al. (103) reported that aerobic transcription of crtl, 
bchC, bchD, bchH and pucB increases 2.5 to three fold in mutants lacking a 
putative aerobic repressor. Since four of the five R. capsulatus genes 
contained upstream palindromes, the authors proposed that the upstream
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palindrome is a binding site for a repressor, presumably the ORF469 product. 
However, one of the genes, bchH, which lacks the palindrome in its upstream 
region shows the same transcriptional pattern as the others. The authors also 
reported that the disruption of ORF469 did not lead to a complete loss of 
regulated expression of the five genes.
Since this investigation has yielded the first report of a putative 
regulatory palindrome upstream of a hem gene, dot blot analysis was used to 
determine if the R. capsulatus hemE gene is transcriptionally regulated by 
oxygen tension. A single overnight culture of PAS100 was halved and grown 
under high and low oxygen tensions. Total RNA was extracted, serially diluted 
and transferred to Nytran. Identical dot blots were probed with a plasmid 
containing the hemE gene and one containing the crtB gene. The non-oxygen- 
regulated crtB gene was a control for differences in RNA levels. Results of 
three separate trials indicated that there is no appreciable difference in hemE 
transcription (Figure 13).
This conclusion was supported by the data obtained from a R. 
capsulatus hemE::cat fusion plasmid. The plasmid was constructed and mated 
into R. capsulatus SB1003. The cells were grown under conditions of high and 
low oxygen tension. When assayed for chloramphenicol acetyltransferase 
activity, extracts from both high and low oxygen tensions were the same.
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If the palindrome located upstream of the R. capsulatus hemE gene 
binds a transcriptional regulatory factor, it apparently does not bind one which 
responds to changes in oxygen tension.
The actual purpose of the palindrome remains obscure. It does exist 
upstream of three crt genes, three bch genes, the puc operon and hemE. All of 
these enzymes are involved in the production of functional photosynthetic 
complexes. Since crt genes and bch genes are induced two to four fold by low 
oxygen, it was tempting to conclude that the upstream palindrome plays a role 
in oxygen-mediated regulation of transcription. However, the hemE gene does 
not exhibit transcriptional regulation by oxygen. Furthermore, it is prudent to 
note that crt and bch genes that lack this palindrome still exhibit the same 
patterns of transcriptional induction.
It is becoming increasingly clear that the dramatic variation in carbon 
flow through the tetrapyrrole pathway is not the result of changes in either 
transcription (57,130, This study) or activity (Canada, unpublished results; 
Kanazireva, unpublished results; Khanna, unpublished results) of the common 
hem genes. Currently, evidence exists for a loss of carbon at two points in the 
tetrapyrrole pathway. There is evidence for an aminolevulinate dehydrogenase 
activity (Khanna, unpublished results) which could divert aminoievulinate from 
the pathway. Also, the ratio of porphobilinogen usage to uroporphyrinogen III 
formation (Canada, unpublished results) varies in cells grown under high and
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low oxygen tensions. This could explain how porphobilinogen is diverted from 
the pathway. Further investigation should clarify the importance of these two 
aspects of tetrapyrrole biosynthesis.
In conclusion, the R. capsulatus hemE gene has been cloned by 
complementation of an E. coli hemE mutant constructed by transposon 
mutagenesis. Mapping data indicated that the gene is not organized into an 
operon as had been speculated. A palindrome was identified upstream of 
hemE which had been implicated in oxygen-mediated transcriptional control of 
other R. capsulatus genes. Both dot blot analysis and chloramphenicol 
acetyltransferase activity of a hemEr.cat fusion plasmid indicated that 
transcription of hemE is not regulated by oxygen. Therefore, clarification of 
the role of the upstream palindrome awaits further investigation.
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